Y chromosomal (Y-DNA) haplogroups are more widely used in population genetics than in genetic epidemiology, although associations between Y-DNA haplogroups and several traits (including cardio-metabolic traits) have been reported. In apparently homogeneous populations, there is still Y-DNA haplogroup variation which will result from population history. Therefore, hidden stratification and/or differential phenotypic effects by Y-DNA haplogroups could exist. To test this, we hypothesised that stratifying individuals according to their Y-DNA haplogroups before testing associations between autosomal SNPs and phenotypes will yield difference in association. For proof of concept, we derived Y-DNA haplogroups from 6,537 males from two epidemiological cohorts, ALSPAC (N=5,080, 816 Y-DNA SNPs) and 1958 Birth Cohort (N=1,457, 1,849 Y-DNA SNPs). For illustration, we studied well-known associations between 32 SNPs and body mass index (BMI), including associations involving FTO SNPs.
Introduction
The interpretation of genetic association studies (including candidate gene studies and genome-wide association studies, GWAS) requires consideration of issues including population stratification, gene-gene interaction and gene-environment interaction [1] [2] [3] .
The relevance of these factors and in particular population structure and haplotype background [4] , has been explored by the analysis of autosomal markers. In contrast, non-recombining genetic variation such as Y chromosomal (Y-DNA) haplogroups, has rarely been considered in the design and interpretation of genetic association studiesalthough there are examples including direct testing of the association between Y-DNA haplogroups and phenotypes, including cardio-metabolic diseases [5] [6] [7] [8] [9] [10] .
Analyses of the non-recombining regions of the Y chromosome (NRY) in different populations provide genealogical and historical information [11, 12] . Y chromosomal lineages, through the analysis of short tandem repeats (STR), have proven useful when determining whether two apparently unrelated individuals descend from a common ancestor in recent history (<20 generations). However, using of modern genotyping arrays coupled with extensive and publicly available SNP data, researchers now possess the ability to identify which ancient ethnic group to one's paternal ancestor belonged to.
Comprehensive single nucleotide polymorphism (SNP) data also enabled the publication of well-established Y-DNA haplotypes and constantly updated phylogenetic trees [13] [14] [15] . This is why genetic variation in this uniparentally inherited chromosome can be used to define groups of Y-DNA haplotypes which share a common ancestor with a SNP mutation.
Haplogroups derived from Y-chromosomal variation can be used to provide information about the paternal ancestry of an individual and population genetic events (e.g. migrations, bottle necks) [16] [17] [18] . Phylogenetic relationships between haplogroups are well known and there is wide-spread knowledge of the frequency and the type of haplogroups present in almost all geographical regions throughout the world. For example the Y-DNA haplogroup R1b1 is frequent in Europe and infrequent or absent in other continents/sub-continents.
Facilitating the process of linking haplotype assignment to GWAS studies there is comprehensive information about the SNPs which define each haplogroup, approximate time and (most probable) region of origin, (current) area of highest frequency and the most prevalent (ancient) haplogroup present in different regions.
Even for homogeneous populations (according to autosomal SNPs), there is underlying Y-DNA haplogroup variation. We have previously analysed Y-DNA haplotypes in a large epidemiological cohort in relation to confounding by genetic subdivision [19] .
In the present work, we stratify groups of individuals according to their Y-DNA haplogroups to (i) test for presence of additional structure due to Y-DNA haplogroup variation having taken into account principal component analysis (PCA) using autosomal markers and if there is (ii) test if this additional structure has any potential confounding effects on genetic association studies (e.g. direct association, epigenetic, epistasis). As a proof of concept, we chose to study the association between 32 common SNPs which are known to be reliably associated with BMI. The use of these common genetic variants limits our analyses to the largest BMI effect loci.
Methods

Participants and Ethics
The Avon Longitudinal Study of Parents and Children (ALSPAC) is a longitudinal, population-based birth cohort study that initially recruited >13,000 pregnant women residing in Avon, United Kingdom, with expected dates of delivery between April 1, 1991 and December 31, 1992. There were 14,062 liveborn children. The study protocol has been described previously [20, 21] and further details are available on the ALSPAC website (http://www.bris.ac.uk/alspac). Please note that the study website contains details of all the data that is available through a fully searchable data dictionary (http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/). Height and weight measurements were performed on children who attended a 9 years focus group clinic [mean age of participant 9 (± 0.32 years)]. Ethical approval for all aspects of data collection was obtained from the ALSPAC Law and Ethics Committee (institutional review board 00003312). Written informed consent for the study was obtained for genetic analysis. 
Y-DNA haplogroup determination
For Y-DNA haplogroup determination in ALSPAC, the Y-chromosomal SNPs of all 5,085 male participants in the dataset were used. The pseudo-autosomal SNPs were removed using the PLINK software package [23] . The resulting Y chromosomal genotype (816 SNPs) of each individual was then piped in to the YFitter (v0.2) software (maps genotype data to the Y-DNA phylogenetic tree built by Karafet et al [14] , available online at sourceforge.net/projects/yfitter) and their respective Y-DNA haplogroup was determined. After removal of individuals with 'False' haplogroup determinations (i.e. ones which did not have enough SNPs to reliably determine haplogroup), we were left with 5,080 individuals. Remaining individuals with a haplogroup result which began with the letter R (e.g. R1b1) were clustered in to a single group named 'Clade R' and likewise the same was done with the haplogroups beginning with the other letters. The same procedure was carried out in 1958BC and 1,453 male participants' haplogroups were determined. Only the major haplogroups R and I were considered in the analyses, since there was not enough power for the less frequent haplogroups.
Association study between Y-DNA haplogroups and BMI
To check for association between BMI and the Y-DNA haplogroups in ALSPAC, a linear regression analysis was carried out using haplogroup R as a baseline (coded 0) and coding haplogroup I as 1. Age and age 2 were used as covariates in the model.
The analysis was repeated in the 1958BC. Production of summary statistics for the two cohorts and all regression analyses were carried out in the STATA statistical package.
Analysis of the effects of Y-DNA haplogroup on SNPs associated with BMI
In order to study whether well-established associations are still present and/or observable within each Y-DNA haplogroup and whether the effect sizes of the SNPs stayed stable across haplogroups, we analysed 32 SNPs previously reported to be associated with BMI [27] . This enables the analysis of common genetic variation involved in the largest effect sized observed for BMI. All individuals with missing and/or incorrectly measured data were excluded. Individuals with 'False' haplogroups (as determined by YFitter) were also removed. At the end of the QC procedure, 2,800 individuals had complete haplogroup, BMI and genotype data. Finally individuals belonging to haplogroups with frequencies less than 1% were also excluded.
BMI data did not follow a normal distribution and inverse rank transformation was used to correct this. SNP dosage values were determined using the software package MaCH [24, 25] . A linear regression analysis between BMI and each of the 32 SNPs was carried out using STATA controlling for age, age 2 and the first 10 PCs determined by the EIGENSTRAT software [28] . We looked at the PCA adjusted data only in order to see the Y-chromosome sub-structure. We checked for normal distribution of BMI within the two most frequent Y-DNA haplogroup clades observed (i.e. R and I); and also confirmed that the allele frequencies of the autosomal SNPs analysed were similar across the haplogroups. A subgroup analysis was carried out within the Y-DNA haplogroups R and I. any possible interaction between genotype and Y-DNA haplogroup in the analyses were assessed using a likelihood ratio test to compare the two regression models, one which was adjusted for the covariates abovementioned and the Y-DNA haplogroup and another which additionally included an interaction term (i.e. genotype x Y-DNA haplogroup). Although low powered compared to the interaction test mentioned above, a heterogeneity test (i.e. z-test) was carried out across the two haplogroups to check whether there was a difference in effect size (beta coefficient) of all 32 SNPs tested. There was no strong evidence of association between Y-DNA haplogroups and BMI (P=0.066) in ALSPAC (Table 1 ) and in the 1958 cohort (P=0.107) ( Table 1) . Summary statistics of the BMI observed for the two main Y-DNA haplogroups in ALSPAC and 1958BC can be found in Table 2 . (Table 4 ).
Results
To test whether the possible differential effect of the FTO SNPs replicate in another cohort, the top-hit rs8050136 SNP was analysed in the 1958BC and the results are presented in Table 3b . The likelihood ratio test for interaction (and z heterogeneity test) yielded a p> 0.05 (p= 0.836, z-test p= 0.4169, see Figure 3b ).
Discussion
Population stratification is a potential confounder in genetic association studies.
Haplotypic variation and sub-clustering can still be present even after accounting for principal components (see reference [4] for an example). Therefore an apparently homogeneous population (defined by principal component analysis) can harbour different subgroups of individuals. In this work, we analysed whether this was the case for Y-DNA haplogroups.
We used the ALSPAC cohortformed of a relatively homogeneous group of participantsfor proof of concept that Y-DNA haplogroup variation is present even after accounting for principal components. We then looked to see whether this variation could confound the genetic association studies related to BMI. In this work, we also present the Y-DNA haplogroup profiles of two cohorts for genetic epidemiological studies -ALSPAC and the 1958BC. Within a homogenous looking population there were individuals belonging to different paternal lineages. We undertook a stratified analysis of Y-DNA haplogroups in ALSPAC. This can be the case especially if the trait is associated to the haplogroup(s). In this study we observed no strong evidence for differences in SNP/BMI association according to Y-DNA haplogroups in either ALSPAC or the 1958BC.
A key aspect about the relevance of the Y-DNA structure is that there can be an effect on the phenotype associations if the structure is also correlated with BMI and if the actual haplogroup interacts directly with the assessed gene variants. Alternatively, other loci would be enough to obscure inference. Our study showed no clear evidence of this correlation and interaction. However, one could argue that the lack of replication could be explained by heterogeneity of both studies (ALSPAC and 1958 cohort), since the former includes children and the latter, adults. Therefore, the differences in betas and interaction effects could be function of differences between cohorts.
A sub-clustering due to Y-DNA haplogroups can be revealed by plotting the Y-DNA haplogroup information versus the top two PCs on a scatter plot (see ALSPAC example on Figure 4 ). For the ALSPAC cohort, sub-clustering due to Y-DNA haplogroups could not be observed thus adding Y-DNA haplogroups as covariates in a genetic association study is not essential (Figure 4) . However there may be cases and cohorts where the contrary is true, thus an additional check on this can eliminate subtle population stratification due to non-recombining paternal ancestry of individuals within a sample.
A substantial caveat of using Y-DNA haplogroups is the exclusion of females in the analyses. However, this limitation may be overcome with the combination of mitochondrial DNA haplogroup information. Another caveat is sample size; a problem for many European Y-DNA haplogroups, especially in the deeper sub-branches of the Y-DNA phylogenetic tree. The idea of using Y-DNA haplogroup information to inform genetic association studies is still underexplored and requires further research using different traits and haplogroups.
Overall, although structure could be a problem theoretically (and in some populations more than others), our results are in accordance with evidence showing that gross structure in common variant analysis does not seem to be a problem after PCA. On the other hand, recent evidence suggests that finer structure does exist for people of the British Isles [4] . It follows that if stratification is not really a problem, further studies 
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